Introduction {#Sec1}
============

Cancer is a disease that results from accumulation of mutations in DNA sequences that dysregulate critical cellular pathways leading to increased cell survival and proliferation, reduced cell death, and invasion and dissemination of these cells across the body \[[@CR1]\]. Cancer is the second leading cause of death globally, and by 2040, it is predicted there will be 27.5 million new cancer diagnoses made globally each year, up from 17 million cases in 2018 \[[@CR2]\].

The immune system has an intimate, yet conflicted, relationship with cancer. It functions akin to a double edged sword, playing complex roles in both tumour detection and elimination, as well as in tumour formation and progression \[[@CR3]\]. Cancer cells must evade the destructive components of the immune response if they are to survive and proliferate.

There are many ways that malignant cells can avoid identification and erasure by the host defence system; these include selection of tumour variants that have a non-immunogenic phenotype, which occurs via a process known as immunoediting. This can manifest as downregulation of tumour antigen expression, creation of alternative versions of an antigen via mutations or alternative splicing, or masking of tumour antigens \[[@CR4]\]. In addition to this, the creation of a hostile and immunosuppressive tumour microenvironment (TME) is a crucial tool for transformed cells to escape the immune response. This is characterized by hypoxia, low levels of nutrients, elevated lactate and low pH which repress the normal immune response. Recruitment of immunosuppressive cells including regulatory T cells (Tregs) and myeloid derived suppressor cells (MDSCs) contribute to impaired effector cell function. Cancer cells can induce immune exhaustion through several mechanisms such as decreased expression of co-stimulatory molecules, secretion of immunosuppressive factors, and expression of inhibitory ligands such as PD-L1 or CTLA-4 \[[@CR5]\].

Cancer immunotherapy uses, or involves, components of the immune system to circumvent and reverse these evasion strategies employed by tumours and to boost the immune response against cancer cells \[[@CR6]\].

Cancer immunotherapy can be classified into active and passive immunotherapies based on stimulation of the host immune system. Active immunotherapies boost the host defences and can be categorized as specific and non-specific. Specific immunotherapies, such as therapeutic or prophylactic vaccines, induce host immunity towards a particular antigen(s), while non-specific immunotherapy is made up of cytokines, checkpoint inhibitors and immune adjuvants which augment the host immune response on a global level. Conversely, passive immunotherapies do not boost the host immune system and involve passive transfer of tumour-targeting monoclonal antibodies, or small molecules, as well as adoptive cell transfer \[[@CR7]--[@CR9]\].

The term cellular immunotherapy refers to the administration of living cells to a patient; this type of immunotherapy can be active, such as a dendritic cell (DC) vaccine, in that the cells can stimulate an anti-tumour response in the patient, or the therapy can be passive, whereby the cells have intrinsic anti-tumour activity; this is known as adoptive cell transfer (ACT) and includes the use of autologous or allogeneic lymphocytes that may, or may not, be modified \[[@CR10]\].

Adoptive cellular therapy involves the transfer of cells that have been primed to respond to a tumour antigen into the host; these cells are most often autologous, but progress is being made towards usage of allogeneic cells as 'off-the-shelf' products. Priming the cells ex vivo has the advantage of bypassing the need to activate the host immune response as this is often weak and ineffective. To achieve a successful anti-tumour effect, these cells must recognise an appropriately chosen tumour antigen, be of adequate numbers to achieve efficacy, be capable of trafficking to and infiltrating the primary tumour as well as metastatic sites, and finally, have cytotoxic functions capable of killing malignant cells \[[@CR11]\].

In contrast to ACT, where the effector cells are 'pre-primed' (either by in vivo or ex vivo exposure to antigens), vaccines themselves 'prime' the adaptive immune system to induce a response against tumours \[[@CR12]\].

This review will focus on cellular immunotherapies involving the use of T cells and natural killer (NK) cells in adoptive cell transfer, as well as briefly focussing on DC vaccines.

Principles of cellular immunotherapies {#Sec2}
======================================

The last decade has seen huge strides made in terms of taking cellular immunotherapies from the 'bench to beside': in 2010; Sipuleucel-T (Provenge), a DC vaccine, was the first cellular immunotherapy to be approved by the FDA \[[@CR13]\]. This marked a ma~~j~~or milestone in the field of cancer immunotherapy, building on decades of work that was begun by William Coley in 1893, who was the first person to use immunotherapy as an anti-cancer treatment. Coley gave intratumoural injections of inactivated bacteria (*Streptococcus pyogenes* and *Serratia marcescens*) to patients with sarcomas resulting in an anti-tumour immune response (the mechanism of which was not fully understood at the time), culminating in several cases of complete tumour remission \[[@CR14]\].

The intervening years have made further progress in this field including the approval of 'breakthrough' CAR-T cell (chimeric antigen receptor) therapies, tisagenlecleucel (Kymriah) and axicabtagene ciloleucel (Yescarta) \[[@CR15], [@CR16]\]. In parallel, the approvals of the immune checkpoint inhibitors have led to cancer immunotherapy, both active and passive, being termed the 5th pillar of cancer care by the American Association for Cancer Research (AACR) \[[@CR17]\].

Using living cells as a 'drug' represents a seismic shift from the traditional view of a 'drug' as a small molecule or antibody that serves a single function; in contrast, cells are dynamic, living agents that can integrate a range of inputs, respond to changes in the environment, interact with other cells, and through complex signalling pathways give rise to a spectrum of responses that a conventional drug cannot \[[@CR8]\]. In addition to this, cellular drugs can persist in the body for months to years, whereas most conventional drugs are metabolised and excreted soon after administration, adding another layer to the complexity of the patient-drug interaction \[[@CR18]\].

The capacity of the immune system to distinguish between self- and tumour antigens underlies the attractiveness of using it as a tool to fight disease. Traditional therapies such as chemotherapy and radiotherapy lack this capacity to distinguish between normal and cancerous tissue, causing substantial toxicity to healthy tissues, which can be a major limiting factor in their use. Other treatments such as targeted agents have much better systemic toxicity profiles than chemotherapy or radiotherapy, but are limited by the tumour's ability to evolve mechanisms of resistance \[[@CR19]\]. The immune system has an almost limitless array of receptor specificities; this gives it the potential to adapt and adjust to the attempts of the tumour to evade destruction \[[@CR20]\].

The immune response has other qualities that further enhance its appeal as an anti-cancer weapon. These include the ability of the immune system to form an immunological memory which can give long-term protection against disease relapse. Additionally, the immune system is thought to have the potential to kill any type of tumour cell under the right conditions, making it a potential 'universal' approach to cancer, although, as will become clear, many challenges exist if this is to become a reality \[[@CR20]\].

These principles underpin the basis for adoptive cell therapy using T cells and NK cells, as well as DC-based vaccines.

T cell-based therapies {#Sec3}
======================

T cells are key orchestrators and effectors of the immune response and recognise peptide antigens presented on major histocompatibility complex (MHC) molecules by antigen-presenting cells (APCs) using the T cell receptor (TCR). The TCR-peptide-MHC complex forms an immunological synapse between a naïve T cell and an APC; this interaction recruits coreceptors such as CD28 and leads to initiation of a signalling cascade adding to T cell activation \[[@CR21]\].

The outcome of the TCR interaction with the peptide-MHC complex (pMHC) is, in part, determined by co-stimulatory and co-inhibitory receptors. Molecules such as CD28, 4-IBB and CD134 cooperate with TCR signalling to enhance T cell proliferation, as well as enhance the durability of the immune response. In contrast to this, co-inhibitory receptors such as PD-1 and CTLA-4 function as negative regulators of the immune response and act as a 'checkpoint' to immune activation \[[@CR22]\].

Once activated by an APC in a lymph node, a T cell begins to proliferate, differentiates into a mature effector cell and migrates to the site of infection or inflammation \[[@CR23]\]. When a mature CD8+ T cell encounters a cell presenting the antigen complementary to its TCR, the T cell releases cytotoxic mediators such as granzyme B and perforin which leads to killing of the malignant (or virally infected) cell. The cytotoxic T lymphocyte (CTL) can also indirectly lead to tumour cell death via secretion of cytokines such as tumour necrosis factor (TNF) \[[@CR24]\].

There are three major types of T cell-based therapies: tumour-infiltrating lymphocytes (TILs), TCR-T cells and CAR-T cells. The latter two technologies consist of genetically altered T cells where tumour specificity is induced ex vivo by inserting a chimeric antigen receptor (CAR) in the case of a CAR-T cell or alternatively, transfecting a TCR specific to a particular tumour antigen into a T cell creating a TCR-T cell. In contrast, TILs are preferentially tumour-specific prior to culture as they are extracted from tumour material and as such are primed in vivo \[[@CR25]\]. Figure [1](#Fig1){ref-type="fig"} details this concept visually \[[@CR26]\]. Also, innate T cell subsets such as the γδ T cells and natural killer T (NKT) cells are emerging as areas of focus for cancer immunotherapy.Fig. 1Adoptive T cell transfer therapies. Circulating T cells or tumour-infiltrating lymphocytes (TILs) are collected from a patient's blood or tumour, respectively. Circulating T cells can be engineered to express chimeric antigen receptors (CARs) (a.) or T cell receptors (TCRs) (b.) which allow targeting of specific tumour-associated/specific antigens. These modified T cells can be expanded ex vivo and subsequently re-injected into the same patient as an allogeneic therapy. CAR-T cells and TCR-T cells can also be derived from allogeneic sources (not shown), meaning that the donor and the recipient of the cells are different people. Following tumour resection or biopsy, TILs (c.) can be extracted from the tumour material and those with specificity against tumour antigens can be selectively extracted, expanded and re-infused into the patient

TILs {#Sec4}
----

ACT of tumour-infiltrating lymphocytes (TILs) was first used as an anti-cancer treatment by Rosenberg and colleagues, firstly in a mouse model and subsequently in human metastatic melanoma \[[@CR27], [@CR28]\]. TILs can be extracted and isolated from resected tumour and expanded ex vivo using IL-2.

Owing to the fact that these cells were primed and activated to respond to tumour antigens in vivo*,* prior knowledge of which particular antigens they target is not necessary; this is further advantageous in that there is limited risk of cross-reactivity with antigens expressed on normal tissues. Additionally, rather than (as will be described later for CAR-T and TCR-T cells) having specificity towards one or two antigens, TILs are a heterogenous population of lymphocytes containing many subgroups of different antigen specificities; this leads to diverse targeting of multiple tumour antigens and a more efficient immune response \[[@CR29]\].

Following extraction and expansion, TILs can be reintroduced into the patient as an autologous infusion following lymphodepletion using chemotherapy such as cyclophosphamide or total body irradiation \[[@CR30]\]. The preconditioning regimen allows the TILs to exert their anti-tumour effects more efficiently by disrupting immunosuppressive cells, such as regulatory T cells, and decreasing endogenous lymphocyte competition for homeostatic regulatory cytokines, creating a 'space' for the TILs to expand and function \[[@CR31]\].

Although the response rates for this therapy in melanoma refractory to previous therapies were impressive at 50 to 70% \[[@CR31]\], there are a number of limitations to this process that have curtailed the widespread use of TILs in the clinic.

The isolation of TILs is a time-consuming laborious process and often ineffective as many tumours have limited numbers of TILs available. The access of TILs to tumours is largely thought to be influenced by tumour characteristics such as size, location and immunogenicity \[[@CR32]\]. Furthermore, although TILs extracted from tumours are preferentially tumour-specific, a significant proportion can have suppressive rather than anti-tumour function \[[@CR33]\]. Culturing the cells with IL-2 expands these regulatory cells which can downregulate the immune response \[[@CR34]\]. For these reasons, the use of TILs failed to achieve widespread usage; however, they did serve as a harbinger to the genetically redirected T cells such as the TCR-T cell and CAR-T cell therapies of recent times.

TCR-T cells {#Sec5}
-----------

T cells can be engineered to express TCRs with tumour antigen specificity; this overcomes the problems of finding a suitable subgroup of TILs with cytotoxic activity among the heterogenous population of tumour-derived immune cells. These engineered TCR-T cells can be expanded ex vivo and administered in adequate numbers to drive a successful anti-tumour response against malignant cells \[[@CR35], [@CR36]\].

Genetic modification of T cells can be performed using a variety of methods. Viral vectors, such as lentivirus or retrovirus, are often used due to their high transduction efficiency; however, these systems carry the risk of activating oncogenes leading to clonal expansion \[[@CR37], [@CR38]\]. Other methods which can be employed are transposons such as *Sleeping Beauty* or *PiggyBac*, electroporation, and gene-editing platforms such as CRISPR/Cas9, TALENs or Zinc-Finger Nucleases \[[@CR39]--[@CR42]\] (see Box 1).

Due to the fact that intracellular proteins are displayed on MHC molecules, TCR-T cells can target almost any tumour-specific or tumour-associated intracellular protein that is processed by this pathway which constitutes a major advantage of this cellular immunotherapy \[[@CR8]\]. To avoid interactions of living drugs with normal cells, the choice of antigen specificity for the TCR is highly important. This is a common theme across all forms of cellular immunotherapies, with the exception of TILs.

The ideal antigen target is specific to tumour cells and is not expressed on normal cells. Identification of such antigens is difficult as most tumour antigens are not exclusive to cancer cells and often tend simply to be antigens that are overexpressed in comparison to normal cells; this leads to the possibility of on-target/off-tumour toxicity, where immune responses are directed at healthy cells due to expression of a poorly chosen target antigen \[[@CR19], [@CR42]\].

The use of neoantigens, i.e., those that are tumour-specific and result due to mutations or aberrant splicing of normal, conserved proteins, is generally recommended due to their high immunogenicity as well as lack of expression in normal tissues \[[@CR43]\]. Identification of these neoantigens can be a challenge as truly specific antigens tend to not only be cancer-specific but patient-specific and may require sequencing of patients' tumours which is impractical in rapidly progressing diseases \[[@CR44]\].

Several clinical trials have been carried out which have validated the effectiveness of TCR-T cells as a therapeutic intervention. Johnson et al. generated TCR-T cells that recognized either MART-1 or gp100, both of which are melanoma-melanocyte antigens. They observed objective cancer regressions in 30% and 19% of patients who received the anti-MART-1 or anti-gp100 TCR-T cells, respectively \[[@CR36]\]. Rapoport and colleagues showed in 2015 that TCR-T cells targeting NY-ESO-1 induced a response in 16 of 20 patients (80%) with advanced multiple myeloma \[[@CR45]\]. This echoed a similar report showing durable responses in patients with metastatic melanoma and synovial cell sarcoma when treated with NY-ESO-1 targeting TCR-T cells \[[@CR46], [@CR47]\]. Similarly, recent data in relapsed, refractory, or high-risk multiple myeloma reported median overall survival of 35.1 months when treated with TCR-T cells against NY-ESO-1 peptide, with 2 patients displaying disease progression-free after almost 5 years \[[@CR48]\]. As will be discussed later, the most recent developments in the TCR-T cell arena came this year when Stadtmauer et al. showed that gene-edited NY-ESO-1 TCR-T cells were both safe and feasible in metastatic melanoma and sarcoma patients \[[@CR49]\].

### Limitations of TCR-T cell therapies {#Sec6}

TCR-T cell technology is not without limitations, these take two main forms: toxicities and disease progression.

As illustrated above, on-target/off-tumour toxicity ensues when the antigen targeted by the engineered cell is not exclusively expressed on the tumour. In the study described above by Johnson et al., the presence of melanocytes in the skin, eyes, and ears led to severe toxicity for some patients which had to be managed with local steroid administration to treat uveitis and hearing loss \[[@CR36]\].

A similar pattern emerged in the case of Parkhust et al., who used a high-affinity TCR-T cell against carcinoembryonic antigen (CEA) in the setting of metastatic colorectal carcinoma. Although significant decreases in serum CEA levels were seen in all patients and one patient experienced an objective reduction in metastases, the trial was halted when all 3 patients experienced life-threatening colitis and colonic haemorrhage \[[@CR50]\].

Two years later in 2013, this salient point was reinforced following the death of 2 patients who received anti-MAGE-A3 TCR-T cells. MAGE-A3 was chosen as a target as it was highly expressed on the 9 patient tumours (comprising metastatic melanoma, synovial sarcoma and oesophageal carcinoma) and was not known to be expressed in normal tissue. The therapy resulted in 5 partial responses; however, in several patients, the TCR-T cells homed to the brain due to the expression of MAGE-A12, a similar but related peptide to MAGE-A3; this led to severe damage to brain grey matter resulting in 2 treatment-related mortalities \[[@CR51]\].

Owing to the fact that TCR-T cell targets are MHC-restricted, there is a risk of graft vs host disease (GVHD) due to mismatch between exogenous and endogenous chains of the TCR which could lead to deleterious recognitions of self-antigens \[[@CR19]\]. This also poses a problem in that TCR-T cells must be derived from an autologous source which, given the time of manufacture, represents a challenge for patients with rapidly progressing disease \[[@CR52]\].

CAR-T cells {#Sec7}
-----------

CAR-T cell therapy is similar in principle to other forms of ACTs especially TCR-T cell therapy; however, instead of introducing TCR genes specific to tumour antigens, a chimeric antigen receptor (CAR) is designed and transfected into harvested lymphocytes \[[@CR53]\]. The basic design of a first-generation CAR involves an extracellular single-chain variable fragment (scFv) (composed of variable heavy and variable light chains linked by a peptide) of a monoclonal antibody which has specificity for a tumour cell surface antigen; this confers the possibility of MHC-unrestricted recognition of tumour markers on the cell surface, expanding the specificity and customisability of the response. The scFv region is linked to a hinge region, which in turn is connected to a transmembrane domain and an intracellular tail composed of the CD3ζ subunit from the CD3 protein which facilitates intracellular signalling and T cell activation \[[@CR54]\].

Evolution of the CAR design by the addition of co-stimulatory domains was important in countering the rapid anergy observed in the first-generation CAR-T cells, which led to a lack of cell persistence \[[@CR55]\]. Incorporation of a single (second generation) or a pair of (third generation) co-stimulatory domains, the most common of which are CD28, 4-1BB or ICOS (inducible T cell co-stimulator/CD278), increased the ability of the receptors to promote cytokine secretion, T cell expansion and proliferation facilitating persistence \[[@CR56]\]. These are illustrated visually below in Fig. [2](#Fig2){ref-type="fig"}.Fig. 2Structure of CARs. All chimeric antigen receptors (CARs) have the same extracellular structure consisting of single-chain variable fragment (ScFV) part of an antibody which is specific for a target tumour antigen. First-generation CARs contain only one intracellular signalling component: CD3ζ. Addition of a co-stimulatory domain, such as CD28 or 4-1BB, to the CD3ζ created second-generation CARs. Third-generation CARs contain two co-stimulatory domains in addition to CD3ζ. Fourth-generation CARs can activate downstream transcription factors, such as NFAT, following CAR antigen recognition resulting in cytokine production

Further enhancements and developments to the CAR design have been described in the literature. Fourth-generation CARs co-express cytokine genes such as IL-12, IL-15 and IL-17 which aid in the clonal expansion of cells carrying such receptors \[[@CR57]\]. It has been shown that secretion of such factors can modulate the immunosuppressive tumour microenvironment and enhance the host response against antigen-negative tumour cells \[[@CR58], [@CR59]\].

### Clinical impact {#Sec8}

CAR-T cells are designed as for use as a clinical therapeutic; therefore, they should be primarily judged on their performance in the clinical arena. In this respect, the results of CAR-T cell therapies can be summarised into two main categories; clinical trials of CAR-T cells in haematological malignancies have shown unprecedented response rates, especially in B cell malignancies, whereas the use of CAR-T cells in solid tumours has been less successful \[[@CR60], [@CR61]\].

Targeting of the CD19 antigen using CD19-specific CAR-T cells has been described as a 'gamechanger' for B cell acute lymphoblastic leukaemia (B-ALL) with complete remission rates of 70--94% seen in some clinical trials \[[@CR18], [@CR62], [@CR63]\]. Such results led to the approval of tisagenlecleucel (Kymriah) by the FDA for treatment of relapsed or refractory B-ALL in patients \< 25 years old \[[@CR15]\]. However, in 30--50% of cases, the response was not sustained and relapse occurred most often within a year of treatment \[[@CR18], [@CR62]\].

CAR-T cell therapy has also been used to treat refractory large B cell lymphoma with outstanding success. Use of Axicabtagene ciloleucel (Yescarta) in this cancer type brought about an objective response rate of 82%, and a complete response rate of 54%; this response was sustained in a subset of patients with 40% continuing to have a complete response after 15.4 months of follow-up \[[@CR64]\]. This therapy was approved by the FDA for usage in this indication in October 2017 \[[@CR16]\].

Treatment of B cell malignancies using CAR-T cells results in a near ablation of the B cell repertoire; this is a consequence that CD19 is expressed on normal B cells and represents an instance of an on-target/off-tumour effect. In clinical practice, this toxicity is managed using intravenous immunoglobulin administration; however, a lack of strategies to manage depletion of other haematopoietic lineages may curtail the use of CAR-T cells to discrete cell lineages \[[@CR42]\].

### Solid tumours {#Sec9}

Difficulty in choosing an appropriate target antigen is one of the critical factors that frustrate the advancement of CAR-T cells in solid tumours. It has been difficult to identify solid tumour surface antigens that are tumour specific as most solid tumour antigens are merely overexpressed leading to the risk of on-target/off-tumour effects \[[@CR8], [@CR42]\]. A further confounding factor in selecting a target antigen is the concept that solid tumours are highly heterogenous, meaning that there is irregularity in the expression levels of an antigen across tumour cells. This allows the tumour to remove the most immunogenic antigens via the process of immunoediting leading to antigen-negative tumour escape \[[@CR60], [@CR65]\].

Given that irregular antigen expression hinders CAR-T cell progress, it would appear to be helpful to know essential levels of antigen expression to induce tumour regression. However, as explored in a review by Newick et al., there is a lack of consensus on this issue; this is due to the phenomenon of epitope spreading, whereby killing of malignant cells by the CAR-T cell releases novel, immunogenic antigens which stimulate an endogenous adaptive host immune response against the tumour, leading to a 'chain reaction' of tumour cell killing that is difficult to predict in advance \[[@CR60]\].

It has been proposed that in order to overcome low and variable expression of tumour-specific antigens, multiple antigens could be targeted simultaneously using dual CAR-T cells that express two CARs on their surface \[[@CR66]\], two CAR-T cell lines both with different antigen specificity, or using more novel CAR designs such as tandem CAR-T cells, combinatorial CARs, or synNotch receptors. \[[@CR67], [@CR68]\]. A tandem CAR contains two different scFvs in a single CAR molecule and can be arranged in series as a stack or in an interrupted looped structure as shown in Fig. [3](#Fig3){ref-type="fig"} \[[@CR67]\]. Combinatorial CARs are similar to dual CARs except that one CAR expresses the CD3ζ signalling domain and its partner incorporates the co-stimulatory signalling domain \[[@CR67]\]. Synthetic Notch (synNotch) receptors engender the transcription of a second CAR after antigen recognition of their corresponding antigen \[[@CR67]\].Fig. 3Nuances on CAR-T cell design. (a.) Co-expression of two discrete CARs in one cell is known as a dual CAR. (b. and c.) Tandem CARs express two different scFvs in a single CAR molecule and can be arranged in series as a stack (b.) or in an interrupted looped structure (c). In the case of dual and tandem CAR-T cells, identification of either antigen A or antigen B is sufficient for activation. (d.) Combinatorial CARs are composed of two partners; one incorporates the CD3ζ chain while the other includes the co-stimulatory signalling domain. (e.) Synthetic Notch (synNotch) receptors cause the transcription of a second CAR after antigen identification of their corresponding antigen. Combinatorial and synNotch CARs require both antigens to be recognised for full T cell activation. (f.) ON-Switch CARs require the presence of specific activating molecules to promote fully functional receptor assembly. (g.) Inhibitory CARs (iCARs) include inhibitory signalling motifs such as PD-1 or CTLA-4 that block T cell activation following antigen recognition

Poor trafficking of CAR-T cells to solid tumours once injected is a barrier that must be overcome for successful outcomes. This process is dependent on the correct matching of the chemokines secreted by the tumour and the chemokine receptor on the CAR-T cell; as might be expected, there is often a mismatch which leads to unproductive infiltration of the tumour \[[@CR60]\]. This quandary can be resolved by using CAR-T cells with better-partnered chemokine receptors \[[@CR69], [@CR70]\].

Following successful homing to the tumour, CAR-T cells face an array of challenges that restrict their ability to engage transformed cells successfully. Physical barriers such as fibrous caps or thick stromal layers deter successful entry into the tumour. Once within the tumour milieu, the CAR-T cells encounter a hostile and inhibitory environment shaped by hypoxia, elevated lactate levels, low nutrient levels, high levels of adenosine and immunosuppressive cytokines such as TGFβ, as well as immunosuppressive cells such as MDSCs and Tregs. These factors serve to limit T cell proliferation, activation, motility and effector function \[[@CR42], [@CR60]\]. In order to circumvent some of the immunomodulatory effects of the TME, CAR-T cells expressing a dominant negative TGFβ receptor (which is truncated and therefore, absence of the necessary intracellular signalling domains precludes downstream pathway activation) have been generated which renders them resistant to TGFβ suppression \[[@CR71]\].

### Toxicities {#Sec10}

As with TCR-T cells, CAR-T cells can react against self-antigens inducing on-target/off-tumour toxicity. Morgan et al. described a case where CAR-T cells with an scFv region homologous to the monoclonal antibody trastuzumab (anti-ERBB2) were used in a patient with metastatic colon cancer who succumbed due to low levels of ERBB2 expression on lung epithelial cells which caused diffuse alveolar damage (DAD) leading to the clinical presentation of acute respiratory distress syndrome (ARDS) \[[@CR72]\]. This again highlights the ever-present challenge, in both CAR-T cell and TCR-T cell therapy, of knowing which antigens to target and which antigens to avoid because of mimicry leading to autoreactivity.

Other major adverse effects of CAR-T cells include cytokine release syndrome (CRS) and neurotoxicity (sometimes referred to as ICANS, immune effector cell-associated neurotoxicity syndrome). CRS occurs due to production and secretion of large amounts of cytokines and inflammatory molecules from CAR-T cells which can precipitate multiorgan failure \[[@CR73]\]. The incidence of CRS was estimated by Wang et al. to range from 30 to 94% of patients \[[@CR74]\]. Factors in the severity of CRS include the dose of T cells administered, the degree of cell activation and the extent of T cell expansion. Risk factors for severe CRS include patients with large tumour burdens, those with existing comorbidities and those who develop symptoms within 3 days of initiation of therapy \[[@CR73]\].

Neurotoxicity, presenting most commonly as encephalopathy, headache, or delirium, has been reported to occur in 20--64% of patients receiving CAR-T cell therapy \[[@CR74]\]. In the most severe of cases, cerebral oedema has been reported, which proved fatal during a Juno Therapeutics clinical trial for anti-CD19 CAR-T in patients with ALL (NCT02535364) \[[@CR75]\]. The pathophysiology of neurotoxicity in ACT is currently being elucidated; however, it has been postulated that excess systemic cytokines and endothelial dysfunction in the blood-brain barrier may be at fault \[[@CR76]\]. There is some evidence that CD19 may be expressed on brain tissue; however, Titov et al. noted that evidence in favour of absence outweighs its presence \[[@CR77]\]. Another potential factor may be the co-stimulatory domain included in the CAR-T cell: CD28-containing cells have been associated with higher rates of neurotoxicity compared to 4-1BB CAR-T cells \[[@CR78]\].

The management of both CRS and neurotoxicity events depend highly on prompt identification, grading of severity levels and monitoring of patients with such adverse events. Aggressive supportive therapy, such as fluid resuscitation, vasopressors, anti-epileptic drugs, anti-arrhythmic drugs and intubation should be prescribed as necessary \[[@CR73]\]. Tocilizumab is an anti-IL-6 receptor monoclonal antibody that is FDA-approved for use in CAR-T cell CRS \[[@CR79]\]; it is often used alongside corticosteroids \[[@CR80]\].

### Nuances on CAR-T cell design {#Sec11}

Encoding CAR-T cells (or indeed TCR-T cells) with genetically encoded suicide switches has been used as a mechanism for controlling potentially dangerous and auto-reactive T cells which can be activated in the case of adverse events. The most commonly used switches are those based on herpes simplex virus thymidine kinase, which allows T cells to be ablated via ganciclovir administration, or using inducible caspase-9 (iCasp9), which upon administration of a small; otherwise, biologically inert molecule, AP1903, causes dimerization and activation of iCasp9 leading to selective CAR-T cell death \[[@CR81]\].

This concept of small molecule manipulation of CAR-T cell responses is also evident in the 'On-switch CAR-T cells'; these receptors are non-functional until specific activating molecules are present, which aids formation of an active receptor \[[@CR82]\].

As alluded to above, split-signal CARs such as dual, combinatorial, tandem, or synNotch CARs can be used to increase sensitivity of CAR-T cells for tumours with variability in antigen expression. Similar mechanisms can be employed to reduce the risk of off-target toxicity. Inhibitory CARs (iCARs) can be co-expressed with a conventional activating CAR on a T cell; the iCAR has specificity for antigens expressed on normal tissues and generates a dominant negative signal, often via PD-1 or CTLA-4 signalling pathways, which inhibits the response of the cell, counteracting signals received from the activating receptor. In this way, normal tissues that also express the tumour antigen can be spared selectively via the iCAR \[[@CR83]\].

In 2016, the development of a synthetic Notch (synNotch) receptor allowed for huge flexibility in designing CAR-T cells with programmable functions; this receptor consists of a standard antigen binding scFv region coupled to a transcription factor of the users' choice \[[@CR84]\]. An application of this new technology is to engineer T cells with dual-receptor circuits, whereby a synNotch receptor for one antigen induces the expression of a CAR for a second antigen increasing the specificity of the response \[[@CR85]\]. The nuances on this technology are virtually limitless given the modularity of the synNotch platform; among the proposals are the use of programmable T cells for controlled cytokine secretion, delivery of therapeutics such as antibodies, or even instructing cells to form complex multi-cellular structures \[[@CR8], [@CR86]\].

Gene editing of T cells has been used to decrease the risk of GVHD by depleting the endogenous TCR complex by disrupting the genes TRAC or TRBC (which encode components of the TCR alpha and beta chains, respectively) using a variety of tools including CRISPR/Cas9, TALENs or Zinc-Finger \[[@CR42], [@CR87]\]. Other genes which may be advantageous to edit include PDCD1 which encodes for PD-1, a key immune checkpoint regulator that is often targeted by malignant cells by upregulating its ligand, PD-L1. In a preclinical model, CRISPR/Cas9-genearted PD-1-deficient CAR-T cells were resistant to PD-1-mediated immunosuppression \[[@CR88]\]. A recent clinical trial exploring both hypotheses (NCT03399448) investigated the safety, feasibility and efficacy of NY-ESO-1 targeted autologous TCR-T cells with CRISPR-edited endogenous TCR and PD-1 in multiple myeloma and sarcoma \[[@CR45]\]. These altered cells had enhanced persistence in circulation with stable levels observed for 9 months; this compares favourably to previously reported half-lives for NY-ESO-1--targeted T cells of approximately 1 week. While the results pertaining to efficacy were perhaps a little disappointing (residual tumour was found on biopsies in two of three patients, with a decrease in tumour antigen suggesting antigen-negative escape), the absence of clinical toxicities is highly encouraging. Given that this was a first-in-human trial of multiplex CRISPR/Cas9-edited T cells, future work will undoubtedly build on this early success.

Given the time-consuming nature of the manufacture of autologous CAR-T cells, the disruption of endogenous TCR complex opens the possibility of allogeneic, or 'off-the-shelf' forms of CAR-T cell therapy, which has huge advantages in terms of cost of production, speed of production, and availability for patients' with rapidly progressive disease \[[@CR89]\].

The SUPRA CAR is also an important development in the progress towards a 'universal' CAR-T therapy ([Fig.](#Fig4){ref-type="fig"} [4](#Fig4){ref-type="fig"}). There are two elements to the split, universal and programmable (SUPRA) CAR: a zipCAR, which is composed of an extracellular leucine zipper linked to intracellular T cell signalling domains, and a separate zipFv, which comprises a matching leucine zipper paired to an antigen-specific scFv. The pairing of the two leucine zippers transmits the extracellular signal to the intracellular domains leading to T cell activation \[[@CR90]\]. This design allows for the scFv in the zipFv to be altered as needed without the requirement to re-engineer cells as the new zipFv will also have binding capability to the zipCAR T cells of the original batch. This feature has the potential to introduce revolutionary flexibility in antigen targeting that may lead to increased therapeutic effectiveness, as well as decreased antigen escape and disease recurrence underpinned by the ability to target multiple antigens simultaneously and sequentially \[[@CR91]\].Fig. 4SUPRA CAR. SUPRA CARs consist of a zipCAR and zipFv. The extracellular portion of the CAR is known as a zipCAR which consists of a leucine zipper linked to intracellular signalling domains. The zipFv contains a scFv joined to a corresponding leucine zipper that can bind to the leucine zipper of the zipCAR.

Innate T cells {#Sec12}
--------------

### γδ T cells {#Sec13}

Gamma-delta (γδ) T cells are a subset of T cells with innate immune system characteristics, such as enhanced speed of response, and ability to recognise antigens in an MHC-unrestricted manner. They are defined by the presence of the γδ TCR and have a plethora of roles in both health and disease states, including immune surveillance, cytokine production and antigen presentation \[[@CR92]\].

Just as αβ T cells vastly outnumber γδ T cells in terms of peripheral blood composition \[[@CR93]\], research involving T cell-based immunotherapies have mainly focussed on the more prevalent and better understood αβ T cell subset. However, γδ T cells have been shown to have extremely potent anti-tumour actions in both in vitro and in vivo settings. This has implications beyond the bench and at the bedside; Gentles and colleagues investigated the correlations between the composition of the immune tumour microenvironment and prognosis and found that the presence of infiltrating γδ T cells was the most reliable predictor of a positive outcomes across a diverse range of cancer types \[[@CR94]\].

A naturally occurring corollary from this principle is to use engineered γδ T cells much in the same way conventional αβ T cells are manipulated to produce a targeted anti-tumour response. Similar to TCR-T cells described above, Harrer et al. showed that transferring an αβTCR into γδ T cells can allow the γδ T cell to target a specific tumour-associated peptide \[[@CR95]\]; these engineered cells, when compared to CD8+ T cells, demonstrated an equivalent/comparable cytolytic capacity as well as a preserving their 'innate' anti-tumour ability and potential to lyse MHC-deficient cells. However, it was noted by the authors that this came at a price of decreased cytokine production; this is an aspect of the technology that could be improved to enhance its anti-tumour functionality.

The lure of using this innate T cell subset stems from the fact that the endogenous γδ TCRs do not recognize MHC molecules which precludes the development of graft-versus-host disease following adoptive cell therapy of such cells into allogeneic hosts. Similarly, transfecting αβ T cells with a new αβ TCR can lead to mispairing of host chains with the engineered receptor leading to alloreactivity; in the context of γδ T cells, this is unlikely to arise owing to the fact that the endogenous γδ TCR does not pair with engineered α- or β-chains \[[@CR95]\]. This potentially provides a platform for the elusive 'universal' or 'off-the-shelf' therapy as the γδ T cells could in theory be derived from numerous sources, even encompassing immunocompetent and healthy patients \[[@CR95]\].

Another proposed mechanism of directing γδ T cells towards transformed cells is by using chimeric antigen receptors (CARs) \[[@CR96]\]. Capsomidis and colleagues developed a γδ CAR-T cell (second generation) targeting GD2 and tested the in vitro efficacy against neuroblastoma cell lines \[[@CR97]\]: they found the cytotoxicity levels of their γδ CAR-T cells were comparable to conventional αβ CAR-T cells. Also noted was the retained ability of the transduced cells to act as antigen-presenting cells and cross-present tumour antigens to αβ T cells; this is an exciting feature of this anti-cancer modality as such features may lead to the phenomenon of 'epitope spreading' as mentioned for conventional CAR-T cells.

Despite the fanfare around the use of engineered γδ T cells as a new strategy in the fight against cancer, the transition of γδ T cells into clinical trials and towards a clinically useful product has been muted. Most of the currently recruiting or running clinical trials are focussed on un-engineered γδ T cells, i.e., extraction, ex vivo amplification and reinfusion of γδ T cells. Some of the cancer types under investigation include acute myeloid leukaemia (NCT04008381 and NCT03790072), hepatocellular liver cancer (NCT02425735) and lung cancer (NCT03183232) with the latter two trials having been completed in 2016 and 2019, respectively, although both sets of results have yet to be published.

One interesting case report published recently by Alnaggar et al. described the use of allogeneic γδ T cell treatment in a patient with stage IV cholangiocarcinoma. They provided proof of principle that this therapy may be clinically useful as they showed that the γδ T cell treatments depleted the size of the patient's lymph node metastasis in addition to being well-tolerated and safe, with no adverse effects reported \[[@CR98]\]. As this is a case report, further research and studies are needed in this area to expand the scope and power of this immunotherapy into an approved therapeutic.

### NKT cells {#Sec14}

Natural killer T (NKT) cells are another specialised subset of T cells that have an emerging role in the arena of cellular immunotherapies. While NKTs share common features with conventional T cells such as development in the thymus and expression of a TCR, these cells differ from αβ T cells in that their TCR repertoire is much less diverse and their TCRs recognise lipid antigens presented by CD1d (a conserved and non-polymorphic MHC class I-like molecule) \[[@CR99]\]. Furthermore, following antigen recognition, there is a rapid effector response consisting of production of large amounts of cytokines and chemokines (especially IL-4 and IFNγ) which can influence both innate and adaptive immune components \[[@CR100]\]. These features place the NKT cell at the interface between the innate and adaptive immune system as they fuse the precision antigen specificity of the adaptive immune system with the speed of the innate immune system \[[@CR99]\].

There are two types of NKT cells; type I or 'invariant' cells contain an invariant TCRα chain partnered with a heterogenous TCRβ chain; in contrast, type II or 'variant' NKT cells express a more varied range of α and β TCR chains and lack an invariant chain \[[@CR100]\]. Whereas type II NKT cells are implicated in suppression of anti-tumour responses \[[@CR101]\], type I NKT cells are proposed to have an anti-tumour role. Reduced quantity and quality of NKT cells in peripheral blood is observed in many different cancer patients which hints at their important role in eliminating cancer cells \[[@CR102]\]. Additionally, a greater frequency of peripheral blood type I NKT cells in cancer patients is a favourable prognostic indicator \[[@CR103]\].

Type I NKT cells have similar tools to conventional T cells for ensuring destruction of CD1d-expressing malignant cells; these include mediators such as perforin, granzyme B, Fas ligand (FasL) or TNFα-mediated cytotoxic pathways in addition to release of cytokines which recruit, prime and activate cells of both the innate and adaptive immune system, including DCs, NK cells, B cells, and T cells \[[@CR99]\]. This latter point has pertinence as it allows NKT cells to contemporaneously target both MHC-positive and MHC-negative tumour cells via activation of both antigen-specific CD8+ T cells (directly and indirectly via DC activation) and NK cells \[[@CR99]\].

In terms of harnessing the potential of the NKT cell for cancer immunotherapy, several approaches exist, although no therapy has been approved as of yet. Early attempts at modulating NKT cells in vivo involved administration of soluble α-galactosylceramide (α-GalCer), which is the prototypical antigen for type I NKT cells owing to the presence of a common invariant α chain; while this was well-tolerated, it failed to show a clinical response, mostly attributed to low baseline levels of NKT cells \[[@CR104]\]. Building on this, several groups attempted to activate NKT cells using ex vivo-generated DCs pulsed with α-GalCer. This approach was successful in expanding type I NKT cells in vivo as well as increased their capacity to secrete IFNγ; the translation of laboratory values into clinical responses was less successful although some patients exhibited partial responses or stable disease \[[@CR105]--[@CR107]\].

Another strategy that can be employed is the adoptive transfer of autologous ex vivo-expanded NKT cells. Exley et al. used this technique in a phase I clinical trial of patients with advanced melanoma; the expanded invariant NKT cells produced IFNγ, which were broadly well-tolerated, and although no formal assessment of efficacy can be drawn from such a study, 3 of 9 patients had not progressed after a median follow-up of 63 months \[[@CR108]\]. Further clinical trials are currently investigating the safety, feasibility and efficacy of this approach in non-small cell lung cancer (NCT03198923), hepatocellular carcinoma (NCT04011033) and melanoma (NCT00631072).

Engineering of NKT cells is at a very primitive stage in contrast to other cellular modalities; however, one group is currently recruiting patients with neuroblastoma for treatment with expanded NKT cells that have been engrafted with a second-generation chimeric antigen receptor (CAR) specific for GD2, which is expressed almost ubiquitously on neuroblastoma cells (NCT03294954).

### Future directions {#Sec15}

Despite both γδ T cells and NKT cells often being classified as 'innate' T cells, cell activation is predicated upon recognition of a specific antigen. As manipulation and engineering of these cell types advances and they become equipped with novel receptors allowing for a more expanded scope of tumour antigen targeting, caution must be exercised in the choice of an appropriate tumour antigen to avoid similar on-target/off-tumour toxicities that have led to morbidity and mortality in several of the TCR-T cell and CAR-T cell trials discussed above.

As both γδ T cell and NKT cell immunotherapies are relatively in their infancy, compared to more established T cell-based therapies, this is an exciting area that is sure to develop and progress rapidly over the coming years.

NK cell-based therapies {#Sec16}
=======================

Cellular immunotherapies based on conventional T cells target tumour-associated antigens (TAAs) using antigen receptors, TCRs in the case of TILs and TCR-T cells, and CARs in the setting of CAR-T cell therapy. This strategy has the disadvantage that the cells must be sensitised to produce cytotoxic activity against cells bearing such antigens. In contrast to cells of the adaptive immune system, innate immune effector cells, such as NK cells, demonstrate considerable cytotoxicity against cancer and virus-infected cells without prior sensitisation. NK-mediated cytotoxicity occurs in a TAA-independent MHC-unrestricted fashion, thus bypassing the difficulty in identifying defined tumour-specific antigens while retaining accurate discrimination between normal and malignant cells \[[@CR109], [@CR110]\].

Regulation of NK cells has been shown to depend on an equilibrium between positive and negative signals. Ligation of inhibitory receptors such as inhibitory killer Ig-like receptors (iKIRs) by MHC class I molecules prevents cytotoxicity. In the context of malignancy, where transformed cells downregulate MHC class I molecules to avoid detection by the adaptive immune system, the inhibitory receptors are not engaged, and the NK cell recognises a 'missing self' leading to killing of the tumour cell. In concert with this, DNA damage and cellular stress can result in the expression of 'stress ligands' which can ligate positive receptors on the NK cell leading to target cell killing \[[@CR111]\]. NK-mediated cytotoxicity can occur via direct release of cytoplasmic granules containing perforin and granzyme, as well as induction of apoptosis in the target cell via TNF-related apoptosis-inducing ligand (TRAIL) or FasL \[[@CR112]\].

The effector cells used in TAA-independent ACT are, with the exception of NK cells, indiscrete heterogenous cell populations of expanded PBMCs that have proliferated and acquired killing activity on ex vivo culture; these populations are considered NK cell developmental intermediates that result from incubation of PBMCs in cytokine culture, and suboptimal pure NK cell expansion. They are not true NK cells per se, but rather mimic their killing functions. Cells of this classification include lymphokine-activated killer (LAK) cells, cytokine-induced killer (CIK) cells and cytokine-induced natural killer (CINK) cells \[[@CR109]\].

LAK cells {#Sec17}
---------

Rosenberg et al. demonstrated that incubation of lymphocytes with high-dose IL-2 led to such cells acquiring the capacity to lyse tumour cells normally not sensitive to NK cell lysis; they used the term lymphokine-activated killers (LAK) cells to distinguish them from classic CTLs \[[@CR113]\]. Further analysis of the cells revealed they were composed of a melange of NK cells, NK T cells (NKTs) and T cells \[[@CR114]\]. However, the clinical utility of LAKs did not deliver on the promise suggested by the preclinical work. Initially, it seemed that ACT of LAK cells in concert with high-dose IL-2 administration had a benefit in patients with renal cancer and melanoma, and the effect was in fact attributable solely to the high-dose IL-2 \[[@CR115]\]. This result, along with the development of more potent killer cells such as CIK cells, consigned LAK cells to a place in the annals of immunology rather than in clinical practice \[[@CR109]\].

CIK cells {#Sec18}
---------

Addition of interferon-γ (IFNγ) and anti-CD3 stimulation to high-dose IL-2 led to the culture of a more cytotoxic set of cells termed cytokine-induced killer (CIK) cells \[[@CR116]\]. Similar to LAKs, CIKs are heterogenous and are composed of NK cells, NKT cells and T cells. Although some cells express the TCR, their cytotoxicity is non-MHC-restricted and non-TCR-dependent \[[@CR117]\]. CIKs have shown success in clinical trials, especially in the setting of patients with hepatocellular carcinoma and glioblastoma \[[@CR118]--[@CR120]\].

Cytokine-induced natural killer (CINK) cells are a variation on CIK cells whereby the proportion of NK cells in CIK preparations is increased leading to higher cytotoxic capacities per cell; however, CINK cells have yet to gain traction in the clinical arena \[[@CR109]\].

CAR-NK cells {#Sec19}
------------

Genetic editing of CAR-T cells to disrupt the TCR and thus minimise the risk of GVHD in ACT of T cells has been proposed and discussed above; however, another strategy to overcome this risk is to use innate immune cells such as NK cells as donor cells. NK cells are predicted not to cause GVHD following experiments using murine models in addition to evidence arising from clinical trials in patients with hematologic or solid malignancies using haploidentical and cord blood-derived NK cell infusions \[[@CR121]\]. This prediction has been shown to hold true in human trials of ACT using NK cells \[[@CR122]\] which has increased interest in using CAR-NK as an 'off-the-shelf' cellular therapy for cancer \[[@CR123]\].

Another potential benefit of using CAR-NK cells rather than CAR-T cells is a decreased risk of toxicities such as CRS; this is predicted due to limited in vivo persistence and a lack of clonal expansion of adoptively transferred NK cells \[[@CR110]\]. Furthermore, CAR-NK cells preserve their intrinsic set of innate immune receptors which enable them to carry out their native functions; this may make downregulation of the CAR antigen a less successful ploy for tumour escape in the case of CAR-NK cells, compared to CAR-T cells \[[@CR110]\].

Several groups have shown the efficacy of using CAR-NK cells as cytotoxic mediators against colorectal cancer and acute myeloid leukaemia (AML) cell lines in preclinical in vitro studies \[[@CR124], [@CR125]\]. There are several clinical trials currently recruiting patients to assess CAR-NK safety, feasibility and efficacy in B lymphoid malignancies (NCT03056339) and pancreatic cancer (NCT03941457) as well as trials recruiting patients with mix of solid tumours types (NCT03415100 and NCT03940820). The results of these studies have not been reported to date.

Resistance to ACT {#Sec20}
=================

Disease progression and/or relapse is perhaps the major issue that curbs the efficacy of ACT of lymphocytes; as mentioned above, the initial remission rates of 70--94% seen in some trials of tisagenlecleucel (Kymriah) were not long-lasting with 30--50% of patients relapsing, commonly within a year of treatment \[[@CR18], [@CR62]\].

Antigen-positive relapse occurs due to inadequate cell persistence in the body, allowing the tumour to simply regrow and recover. Persistence of transferred cells is governed by intrinsic factors of the cell such as the quality, age, and presence of co-stimulatory domains in the setting of CAR-T/NK cells \[[@CR4]\].

Strategies to prevent antigen-positive relapse have been mentioned previously and include incorporation of co-stimulatory domains such as CD28 or 4-1BB in CAR design, lymphodepletion or gene editing of co-inhibitory pathways such as PD-1 \[[@CR31], [@CR57], [@CR88]\]. Also proposed is the use of combination of immune checkpoint inhibitors with cells as well as reinfusion of cells; however, mixed evidence for efficacy of this latter strategy exists \[[@CR126]\].

Antigen-negative relapse occurs due to the phenomenon of antigen escape whereby selective pressure drives formation of less immunogenic tumour cell phenotypes. Mechanisms of antigen escape include alterations to the antigen structure occurring via mutations or alternative splicing of transcripts. Cells may decrease expression of the target antigen or undergo a process known as lineage switching whereby, for example, cells from a B cell lineage may convert to a myeloid lineage after initiation of a cellular immunotherapy \[[@CR127]--[@CR129]\]. Antigen-negative relapse may be prevented by using cells with dual antigen specificity such as dual or tandem CARs as discussed above.

DC-based therapies {#Sec21}
==================

Dendritic cells (DCs) are professional antigen-presenting cells whose role in the immune response consists of capturing, processing and presenting antigenic material on MHC class I and II molecules to T lymphocytes, thus activating the adaptive immune response \[[@CR130]\].

Under resting conditions, DCs are inactive and immature, functioning as sentinels; once exposed to stimuli such as inflammatory cytokines, molecular patterns associated with pathogens, or alarmin stimuli, DCs undergo a maturation process. This process is characterised by acquisition of chemokine receptors, T cell co-stimulatory receptors, upregulation of MHC class I and II, and the ability to secrete cytokines; these factors allow effective activation of the immune system \[[@CR130]\]. The rationale for a DC-based therapeutic is that exposure of ex vivo DCs to tumour antigens would induce a host anti-tumour response when re-injected into a patient, as shown in Fig. [5](#Fig5){ref-type="fig"}.Fig. 5Dendritic cell (DC) vaccines. (1) Gather peripheral blood mononuclear cells. (2) Produce immature DCs using a cytokine cocktail. (3) Loading tumour-derived antigens onto DC. (4) Inject vaccine comprising activated antigen-presenting DCs into the patient. (5) Vaccine triggers anti-tumour immune effector cell responses leading to T cell- and NK cell-mediated tumour killing

The starting point for the revolution of cellular immunotherapies over the last decade was the approval of the DC vaccine Sipuleucel-T (Provenge) by the FDA for use in castration-resistant metastatic prostate cancer \[[@CR13]\]. Sipuleucel-T was shown to prolong overall survival by stimulating an immune response against the antigen PAP/PA2024. \[[@CR131]\] Kumar et al. showed a median survival benefit of 189 days (356 days for treated group vs 147 days for the untreated group) for autologous dendritic cell-based vaccine for management of refractory solid malignancies, including prostate, ovarian, non-small cell lung and colorectal cancers \[[@CR132]\].

DC-based vaccines can be classified according to how the antigens are loaded \[[@CR133]\]. Pulsing DCs with peptide/protein fragments has been shown to preserve tumour selectivity while minimising the risk of autoreactivity; this approach, however, is subject to the same limitations that constrain CAR/TCR antigen specificity in that the selected peptides must not be expressed highly on normal tissues \[[@CR133]\]. A phase I/II study investigating the efficacy of a DC vaccine pulsed with a fragment of a tumour-associated mucin 1 glycoprotein in patients following resection of pancreatic and biliary cancers showed that the vaccine was well-tolerated and that 4 of 12 patients survived for 4 years post-surgery, on a background median survival of 5 months \[[@CR134]\].

Another method of loading antigen onto DCs for vaccine development is transfection of DCs with genes encoding for tumour antigens; this can be achieved using viral vectors, or direct transfection of DNA or RNA into DCs \[[@CR133]\]. Miyazawa et al. showed that DCs expressing mesothelin (MSLN) induced CTL responses towards pancreatic cancer cells endogenously expressing MSLN \[[@CR135]\].

DCs can be pulsed with tumour cells or tumour cell lysates to create vaccines that have the advantage of delivering a wide range of specific tumour antigens without the need for prior knowledge of the target \[[@CR46]\]. A study conducted by Nakamura et al. concluded that immunotherapy with DC vaccines prepared from whole cells may prolong the lifespan of patients with refractory pancreatic cancer \[[@CR136]\].

Finally, tumour cells can be fused with DCs to induce anti-tumour immune responses \[[@CR137]\]. However, some controversy exists in the literature about the effectiveness of this strategy with conflicting reports presented by Ziske, in favour of the technique, and Chen, opposed \[[@CR138], [@CR139]\].

Conclusion {#Sec22}
==========

In conclusion, the field of cellular immunotherapies is full of exciting developments especially in the area of genetically engineered lymphocytes. While it is unlikely that cellular immunotherapy will achieve that status of a 'universal therapy', it provides another treatment option for patients, especially those with refractory disease. Key in the progress of all technologies is the selection of appropriate tumour-specific antigens to maximise selective killing of tumour cells. Further work is needed on creating off-the-shelf products to ensure more widespread availability of these living drugs and to ensure that patients with rapidly progressive disease can access them.
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